In this paper, we extend the analysis of a Pati-Salam subcritical hybrid Fterm inflation model, proposed by two of us [1] , by studying the reheating and the baryogenesis (via leptogenesis) of the model. This SUSY GUT model is able to fit low energy electroweak precision data, LHC data, b-physics data, in addition to inflation observables such as the tensor-to-scalar ratio and the scalar spectral index. The reheating mechanism of this model is instant preheating due to the bosonic and fermionic broad parametric resonance, while the baryonto-entropy ratio is obtained from the CP asymmetric right-handed (s)neutrinos decay. The phases in the neutrino Yukawa matrices are fixed by fitting to the low energy observables. With these phases, the heaviest right-handed (s)neutrinos decay to produce a lepton asymmetry with the correct sign, while the two lighter right-handed (s)neutrinos decay to produce the wrong sign. Consequently, the baryogenesis analysis is necessarily performed by including all three families of the right-handed (s)neutrinos.
Introduction
One path to Grand Unified Theories (GUTs) without large GUT representations is via 5D or 6D orbifold GUTs. One possible 4D gauge symmetry resulting from orbifolding a higher dimensional GUT is Pati-Salam (PS) gauge symmetry, SU(4) C ×SU(2) L ×SU(2) R [2, 3] . Due to the higher dimensional GUT completion, the gauge couplings of the theory are unified. Recently, two of us have introduced a Z R 4 discrete symmetry to the PS gauge symmetry to obtain a model of inflation, with so-called subcritical F -term hybrid inflation, which fits the tensor-to-scalar ratio, the scalar spectral index, and the scalar power spectrum [1] 1 . Coupled with previous results, which showed that the matter sector of the model can fit the low-energy observables [6] [7] [8] [9] [10] [11] [12] , this model is a complete theory. Under PS symmetry×Z On the other hand, the inflaton sector contains an inflaton field and two waterfall fields: Φ = (1, 1, 1, 2), S c = (4, 1,2, 0), andS c = (4, 1, 2, 0), respectively. In this paper, we provide a detailed discussion of the reheating process and the baryogenesis of the model. Unlike most leptogenesis analyses in the literature [13] [14] [15] , we do not have the privilege to integrate out the two heavier right-handed (s)neutrinos in our analysis. By fitting to the low energy observables, the heaviest right-handed (s)neutrinos decay to produce the correct sign for the lepton asymmetry while the two lighter ones decay to produce the the wrong sign. Another interesting feature of this model is that reheating occurs via the process of instant preheating [16] [17] [18] . As a consequence of a broad parametric resonance, particle creation occurs in a discrete manner. A lepton asymmetry is induced when the inflaton creates Higgses non-perturbatively and the Higgses subsequently decay to right-handed (s)neutrinos. A free parameter, α, controls the inflaton-Higgs coupling and thus the amount of the final asymmetry. Hence, this model is not constrained by the measured baryon-to-entropy ratio. Instead, it is constrained by low-energy data and inflation observables.
It is important to point out that we are assuming that supersymmetry is broken by gravity mediation, hence gravitinos in our model have mass m 3/2 40 TeV [19] [20] [21] [22] [23] . Heavy gravitinos are required to ensure that the gravitino in our model decays before big bang nucleosynthesis; thus causing no cosmological problem. In addition, we also assume that the cosmological moduli problem is ameliorated by having all moduli with mass at the GUT scale [24] [25] [26] [27] .
In Sec. 2, we briefly review the model of Ref. [1] . The mechanism of instant preheating is explained in Sec. 3, which is based on the detailed discussion of bosonic and fermionic 1 It has been shown that the Z R 4 symmetry forbids the SUSY µ term and dimension 4 and 5 proton decay operators to all orders in perturbation theory [4, 5] . Moreover, non-perturbative effects can then generate the µ term and suppress dimension 5 proton decay, while preserving R-parity.
broad parametric resonances found in [16] [17] [18] . Also included in Sec. 3 are parts of the model relevant to reheating and baryogenesis such as the decay of the inflaton and the waterfall field, and the generation of the lepton asymmetry. In Sec. 4, the evolution equations for evolving the system from the end of inflation to the decay of the right-handed (s)neutrinos are presented. The parameters of the model and the simulation procedure are outlined in Sec. 5, while the results and discussions are contained in Sec. 6 . The analysis of this paper is very similar to the analysis in Ahn and Kolb [28] .
Brief Review of PS model
In this section, we briefly review the results of Ref. [1] . The superpotential and Kähler potential for the inflaton sector of the model with a Pati-Salam SU (4) C × SU (2) L × SU (2) R gauge symmetry times Z Note, with the given particle spectrum and Z R 4 charges, we have the following anomaly coefficients,
Thus the Z R 4 anomaly can, in principle, be canceled via the Green-Schwarz mechanism, as discussed in Ref. [4, 5] . Dynamical breaking of the Z
Non-perturbative Decay of the Inflaton
In this subsection, we provide a brief overview of instant preheating. For detailed discussion please refer to Ref. [16] [17] [18] .
For a Lagrangian with the following term
where χ is a real scalar field, Kofman et. al. [16] showed that when φ oscillates around φ = 0, φ creates χ states very efficiently at every zero-crossing. The number density of χ created for a specific momentum k is given by
whereφ 0 is the speed of φ at zero-crossing. Hence, the number density of χ created at zero-crossing is
with a typical momentum of
In our model, the coupling between the two scalar Higgs doublets to the inflaton is of this form, therefore scalar Higgses are created efficiently at each zero-crossing with number density
The factor of 4 is because each Higgs doublet is complex and has four real degrees of freedom. Similarly, for a Lagrangian that includes the following term,
where ψ is a fermion field, φ creates ψ states very efficiently at every zero-crossing. The number density of ψ created is the same as in the bosonic case [18] . Hence, in our model, Higgsinos are also created efficiently at every zero-crossing with number density
The factor of 2 is because the Higgsinos are doublets.
By conservation of energy, the inflaton speed is decreased by the following amount at every zero-crossing:
It is important to note that eq. (31) is valid only if there are no background Higgses with momenta equal to the typical momentum in eq. (33) . Bose-Einstein effects from background Higgses with momentum equal to the typical momentum will further enhance the production rate [16] . Since the thermalization rate of the Higgses, Γ ∼ nσ weak ∼ 10 20 M pl , is much bigger than the inflaton oscillation frequency ∼ 10 −6 M pl , the background Higgses, if they exist, are thermal. Hence, out of the whole momentum spectrum, only Higgses with momenta close to the thermal temperature experience parametric enhancement. To a good approximation, this parametric enhancement is ignored in this paper.
In addition, the non-perturbative instant preheating occurs while
and ends only when q ∼ 1/3 [16] , where φ amp is the inflaton oscillation amplitude and m φ is the inflaton mass.
Perturbative decay of the Inflaton
In addition to the non-perturbative decay of the inflaton described in the preceding subsection, the inflaton can also decay perturbatively to the Higgses. Although this effect is only significant long after broad parametric resonance ends, we include this effect at all times. In all decay rates presented in this section and the next two, we use the approximation which neglects the mass of the decay products. We guarantee energy conservation by including a Heaviside step function in all calculations. The perturbative decay of the inflaton to the scalar Higgses is due to the F -terms of H u and H d in eq. (25) and (26) . The decay rate of this process is given by
On the other hand, perturbative decay of the inflaton to the Higgsinos is due to the Yukawalike terms in the Lagrangian in eq. (28) . The decay rate of this process is given by
Decay of the Higgses
A very interesting phenomena of our model is that the scalar Higgses are massless when they are created non-perturbatively from the inflaton. As the inflaton rolls up the potential, the Higgses obtain a mass proportional to the value of the inflaton vev shown in eq. (29) . Before the Higgses become heavier than the right-handed (s)neutrinos, they can only decay to radiation. Eventually, the Higgses become massive enough and start decaying to the right-handed (s)neutrinos. In addition, as we will see, the Higgs decay rates are proportional to their masses, that is the decay rates increase as the inflaton rolls up the potential.
Up-type Higgses
The possible decay channels of the up-type Higgses are 1. Right-handed neutrinos: h u →ν † i † j with decay rate
The factor of 2 is due to the charged and the neutral Higgses.
2. Right-handed sneutrinos: h u →ν † i˜ † j with decay rate
3. Radiation:
Down-type Higgses
The possible decay channels of the down-type Higgses are 1. Right-handed sneutrinos: h d →ν i˜ j with decay rate
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Up-type Higgsinos
The possible decay channels of the up-type Higgsinos are 1. Right-handed neutrinos:h u →ν † i˜ † j with decay rate
2. Right-handed sneutrinos:h u →ν † i † j with decay rate
Down-type Higgsinos
The only decay channel of the down-type Higgsinos is to the radiation:
with decay rate
This decay rate is multiplied by a factor of 4 because the decay tod † iq † i andd † i q † i have the same coupling. Similarly for the other two decay products.
Decay of the Right-handed Neutrinos and Sneutrinos
Right-handed (s)neutrinos can decay to Higgses(Higgsinos) and (s)leptons when they are heavier than the Higgses.
Right-handed Neutrinos
Right-handed neutrinos can decay to 1. Up-type Higgses:
2. Up-type Higgsinos:ν i →˜ † jh † u with decay rate
Right-handed Sneutrinos
Right-handed sneutrinos can decay to 1. Up-type Higgses:ν i → h † u˜ † j with decay rate
2. Down-type Higgses:ν i →˜ † j h d with decay rate
3. Up-type Higgsinos:ν i → † jh † u with decay rate
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Lepton Asymmetry
A net lepton asymmetry can be produced when we consider the decay of the Higgses(Higgsinos) along with the subsequent decay of the right-handed (s)neutrinos. Let the CP asymmetry of the Higgses(Higgsinos) decay be
and that of the right-handed (s)neutrinos decay be
where the family indices of the leptons are summed. Then, for example, when an up-type Higgs decay, we have
where the factors are the branching ratios. We see that only half of the decay channels have a net lepton asymmetry. Hence, the final lepton asymmetry is
In the last equality, we used nν i = n hu , which is true in this process because each up-type Higgs creates a right-handed neutrino. There is a factor of 2 multiplying the branching ratio of the lepton asymmetric final states because these states have either two leptons or two anti-leptons 4 .
The CP asymmetry of the right-handed neutrinos is given by [13, 14, [32] [33] [34] 
where
Note, our result agrees with the sign of the results in Refs. [13, 32, 34] , but disagree with the sign in Ref. [14] . In order to compare equations, one needs to use the dictionary relating the different definitions of Yukawa matrices given in App. A. In addition, we do not use the limiting form of this equation for x 1 in our calculation because we also consider the case when x 1. Eq. (59) is calculated when the j th right-handed (s)neutrinos are present in the loop.
However, when the second lightest right-handed (s)neutrinos decay, the heaviest right-handed (s)neutrino is already integrated out from the model to give us the Weinberg operator (for n = 3)
Hence, instead of using eq. (59), the CP asymmetry parameter should be calculated using the Weinberg operator [35] 
ν i in Ref. [35] has a factor of 16π instead of 8π because the asymmetry parameter is calculated for the SM.
To summarize, the CP asymmetry parameters for the heaviest right-handed (s)neutrinos, ν 3 , to the lightest right-handed (s)neutrinos,ν 1 , are given by
where we have made the assumption that the decay products are massless. With this assumption, the CP asymmetries due to the Higgses decay and the right-handed (s)neutrinos decay are equal [28] . This assumption is made throughout the paper.
An interesting feature of our model is that the phases in the right-handed neutrino Yukawa matrix, λ ν = Y ν T , are fixed by fitting to the low energy data. With these phases, the decay of the heaviest right-handed (s)neutrinos produce more anti-leptons than leptons, while the decay of the two lighter right-handed (s)neutrinos produce more leptons than anti-leptons. Hence, unlike most models in the literature, we cannot integrate out any righthanded (s)neutrinos. Most of our baryon asymmetry is created from the heaviest righthanded (s)neutrinos, while the two lighter right-handed (s)neutrinos wash out a portion of the asymmetry.
Decay of the Waterfall Fields
In addition to the inflaton, there are waterfall fields, σ, after the inflation ends. The relevant superpotential is given by eq. (5) with
where h i and M R i are given in eq. (8) . The first term in this F -term is similar to the broad parametric resonance term in eq. (30) . Hence, one would expect parametric resonance to occur in the waterfall field. However, the corresponding broad parametric resonance parameter is too small for broad parametric resonance to occur q = 9h
On the other hand, the second term in the F -term above allows for the decay of waterfall field to right-handed sneutrinos, while the Yukawa-like terms from the superpotential in eq. (7) allows for the decay of waterfall fields to right-handed neutrinos. Hence, the waterfall field perturbative decay rates are
Moreover, since h i = √ 2M i R /v P S , the waterfall field decays predominantly to the heaviest right-handed (s)neutrinos.
Evolution Equations
To analyze the evolution of all particles after inflation ends, we follow the approach used by Ahn et. al. [28] . As a first approximation, we do not consider the momentum of the particles.
Equation of Motion of the Inflaton
The equation of motion of the inflaton field is given by [16] 
where by the Hartree approximation, defined in Ref. [16] , the vev of the Higgses is of the form
The factor of 2 multiplying the decay rate is because the inflaton can decay to both the up-type and the down-type Higgses. Hence, the inflaton equation of motion can be written asφ
where H is the Hubble parameter in units of the reduced Planck mass,
Evolution Equations for Number Density of Higgses
To derive the evolution equation for the Higgses, we start by considering just the interaction between the inflaton and the Higgses. The inflaton energy density is defined as
With this definition, the rate of change of the inflaton energy density iṡ
By multiplying the equation of motion withφ, we havė
To conserve energy between the inflaton and the Higgses, we havė
With ρ h = E h n h , we have
Since we are ignoring the momentum of the Higgses,Ė h =ṁ h . In addition, conservation of energy requires m φ = 2E h . So, the evolution equation of the Higgses that conserves energy with that of the inflaton is given bẏ
The evolution equations for the three other Higgses are very similar and we will omit the derivation.
Including the decay and the creation of the Higgses, the full evolution equations for the Higgses are given bẏ
Since these evolution equations do not take momentum into account, we need to explicitly enforce detailed balance. We thus replace n h by (n h − n eq h ), where n eq h is the thermal equilibrium number density of the Higgses, because the Higgs number densities should always approach the equilibrium number. The thermal equilibrium number density of the Higgses are given by
where K 2 is the modified Bessel function of the second kind, the internal degrees of freedom (the g-factor) of the Higgses is g = 4 and we have used Maxwell-Boltzmann statistics.
Since the masses and g-factor are the same among the Higgses, they have the same thermal equilibrium number density. On the other hand, the (s)neutrinos never have sufficient time to equilibrate. Both Higgses and right-handed (s)neutrinos are in kinetic equilibrium with the thermal bath when the thermal temperature is larger than their corresponding masses. Thus, we have to take into account that Higgses and right-handed (s)neutrinos are not decaying at rest by multiplying their decay rates by a dilation factor, γ, where 
Evolution Equations for the Number density of Right-handed Neutrinos and Sneutrinos
The evolution equations for the right-handed (s)neutrinos arė
Evolution Equation for Energy Density of Waterfall Fields
The evolution equation for the energy density of waterfall fields iṡ
Evolution Equation for the Energy Density of Radiation
The evolution equation for the energy density of radiation is
Evolution Equation for the Number Density of Lepton Asymmetry
The number density of lepton asymmetry is defined by
and its evolution equation iṡ
where h i is defined in eq. (55).
Procedure
We start the analysis of the reheating and the baryogenesis at the first zero-crossing after the last 60 e-foldings of inflation. The details of the inflationary epoch can be found in Ref. [1] .
Unless otherwise specified, the parameters used to produce the results in the rest of the paper are as follows: 
The inflation parameters are obtained by fitting to inflation observables [1] while the matter sector parameters are obtained by fitting to the low-energy observables. A benchmark point of low-energy fits is given in App. B.
Non-perturbative regime
Using these parameters, we start our analysis by evolving the following set of evolution equations: eq. 
where the Hubble parameter, H, is given by eq. (71). This set of evolution equations is solved using eighth-order Runge-Kutta method.
Since the condition for the non-perturbative creation of the Higgses, q 1 in eq. (38), is dependent on the oscillation amplitude of the inflaton, we have to accurately identify the amplitude of the inflaton. When the velocity of the inflaton,φ, changes sign, we interpolate the values ofφ from the previous zero-values using a cubic spline to determine the time whenφ(t 0 ) = 0. Then we interpolate and shift all other outputs from the set of evolution equations back to time t 0 and compute q using the amplitude, φ(t 0 ). If q ≤ 1/3, we stop the non-perturbative creation of Higgses from the inflaton and enter the purely perturbative regime. Similarly, the determination of the zero-crossing of φ is just as important because Higgses are created non-perturbatively at φ = 0. Hence, the steps described above are repeated when φ changes sign. We then manually increase the number of Higgses by eq. (34) and (36) and decrease the speed of the inflaton by eq. (37) to take into account the instantaneous energy loss due to the creation of the Higgses.
Perturbative regime
Although the inflaton can no longer create Higgses non-perturbatively, we still have to consider the oscillation of the inflaton because the Higgs mass depends on the value of φ. However, we are no longer interested in the precise time of zero-crossing of the inflaton. Hence, to simplify numerical calculation, we assume that the inflaton oscillates sinusoidally and convert the inflaton equation of motion to a first order differential equation of the inflaton energy density 7 :ρ
The matching condition for the non-perturbative and perturbative regimes is ρ φ = m 2 φ φ 2 amp /2, where φ amp is the value of the inflaton amplitude when the non-perturbative evolution ends.
With this approximation, we convert all quantities that depends on φ to the corresponding averaged value. For example, the Higgs mass, which is varying between 0 to αφ amp becomes
Similarly, all the decay rates are also converted to the appropriate average decay rate, which is shown explicitly in App. C. In this regime, the following set of evolution equations is solved: eq. (91), (78)-(81) witḣ φ 2 replaced by ρ φ , (83)-(86), and (88). The calculation is continued until the inflaton and the Higgs number densities are smaller than 1% of the number density of the lepton asymmetry. After this point, the effect of inflaton and Higgses on the lepton asymmetry is insignificant and the inflaton and the Higgs evolution equations are removed from the set of evolution equations to further simplify the calculation. The set of relevant evolution equations now reduces to eq. (85) anḋ 7 We have used the time averaged result thatφ 2 = ρ φ .
Notice that the right-handed sneutrinos can no longer decay to the down-type Higgses because the inflaton has decayed out of the system and all remaining terms in the F -term of the Higgses are quartic sfermion terms (see eq. (25) and (26)).
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This set of evolution equations is evolved until the two heavier right-handed (s)neutrinos decayed and the asymmetry contribution of the lightest right-handed (s)neutrino is less than 1%. Finally, the baryon-to-entropy ratio is calculated from the lepton asymmetry [36] 
6 Results and Discussions
Understanding the Hartree Approximation
To better understand the Hartee approximation, Ref. [16] , consider a simple case with only the up-type Higgs and the inflaton. In addition, we assume that the non-perturbative creation of Higgses occurs only at the first zero-crossing, and the inflaton and Higgses do not decay perturbatively. We also ignore the expansion of the universe. With these assumptions, the relevant evolution equations arë
The solution of this set of evolution equations with α = 1 is plotted in Fig. 1 , which shows the energy density of the inflaton and that of the up-type Higgs as a function of time. The energy densities are normalized to the initial energy density in the inflaton field. From this figure, we see that the up-type Higgses are created with zero mass and do not contribute to the initial energy density. As the inflaton rolls up the potential, its energy density is transferred to the up-type Higgs while the total energy density of the inflaton-Higgs system stays constant. Similarly, Higgs energy density is transferred back to the inflaton as the inflaton rolls down the potential. This simple case shows that the Higgs number density term in the inflaton equation of motion describes the transfer of energy between the inflaton and the Higgs as the inflaton oscillates.
Evolving the Evolution Equations
At early times, the non-perturbative creation of the Higgses is very efficient. When the number densities of the created Higgses exceed its thermal equilibrium number density, the Higgses decay to radiation and to the right-handed (s)neutrinos. This occurs almost instantaneously because the oscillation amplitude of the inflaton is of order Planck scale while the Higgs decay rate is proportional to the Higgs mass, which is proportional to the inflaton vev. This effect is shown in Fig. 2 , which shows the magnitude of the inflaton oscillations and the Higgs number densities as a function of time for α = 1. The magnitude of the inflaton oscillations is normalized to the first oscillation amplitude, 2.74 × 10 −1 M pl , while the Higgs number densities are normalized to the number of the up-type Higgses created at the first zero-crossing, 7.23 × 10 −1 M 3 pl . Fig. 3 shows the inflaton oscillation speed as a function of time for α = 1. From this plot, we see that the inflaton experiences a drastic decrease in speed at every zero-crossing due to the almost instantaneous decay of the Higgses. When the Higgses decay, energy is transferred out from the inflaton-Higgs system to the decay products. In addition, this drastic decrease does not occur when the inflaton speed is at its maximum because the inflaton oscillation is damped. The sub-figure, which is the zoomed-in version of the plot, shows the typical behavior of the inflaton speed at zero-crossing. As shown in the sub-figure, the inflaton speed has a discontinuous drop, which is due to the energy lost in the non-perturbative creation of the Higgses. The sub-figure also shows that the inflaton speed increases momentarily before the zero-crossing. As the inflaton rolls down the potential, the Higgs mass decreases. Once the Higgses become lighter than the right-handed (s)neutrinos, the right-handed (s)neutrinos start to decay to the Higgses, increasing the energy in the inflaton-Higgs system. However, as shown in Sec. 6.1, as the inflaton rolls down the potential, energy is transferred from the Higgses to the inflaton. Hence, the inflaton speed increases for a short period of time before reaching the bottom of the potential.
The dynamics in the non-perturbative regime with q 1 is dominated by a broad parametric resonance. When q ≤ 1/3, and the inflaton continues to oscillate, there is only a narrow region in momentum space where parametric resonance can occur. At every passage of φ through zero, Higgses are produced, however they quickly thermalize on an oscillation time scale. Thus these Higgses acquire momentum outside the region of the parametric resonance, which in effect suppresses the additive effect. It is at this point that instant preheating ceases to dominate. Fig. 4 shows the energy densities of the inflaton, the waterfall fields, radiation, and the right-handed (s)neutrinos as a function of time for α = 1. From this figure, we see that after a couple of inflaton oscillations, radiation energy density dominates over all other energy densities. The associated reheat temperature is of order T reheat ∼ 10 15 GeV, i.e. less than the GUT scale. 9 This shows that the reheating process of our model is very efficient. Figure 4 : Since the universe is radiation dominated after a couple inflaton oscillations, the reheating process of our model is very efficient.
of radiation domination occurs later as α decreases because the non-perturbative and the perturbative decay rates of the inflaton decrease as α decreases. In addition, we clearly see from this figure that the energy densities of the inflaton and the right-handed (s)neutrinos increase or decrease like a step-like function. This step-like function behavior is due to the non-perturbative creation of the Higgs that only occurs at zero-crossing. As the inflaton oscillation amplitude decreases, the Higgs decay occurs slower, which increases the Higgs number densities in the system (see Fig. 5 ). This effect increases the inflaton oscillation frequency because, from the Hartree approximation in eq. (70), the oscillation frequency is given by
The increase in the inflaton oscillation frequency further increases the Higgs number densities because the non-perturbative creation now occurs more frequently. In addition, the increase in the Higgs number densities decreases the inflaton oscillation amplitude because the Higgses are taking away more energy from the inflaton. Notice that this effect produces a feedback effect that decreases the amplitude of the inflaton oscillation at a faster rate. This effect can be seen in Fig. 5 , which shows the inflaton oscillation amplitude and the Higgs number densities as a function of time with α = 1. This figure is the continuation of Fig. 2 . 
Baryon Asymmetry
The final lepton asymmetry number density can be converted to that of a baryon asymmetry via the sphaleron process, since the sphaleron process violates n B+L but conserves n B−L . The conversion factor between the baryon and lepton asymmetries in the MSSM is given by [36] 
Thus, the baryon-to-entropy ratio can be obtained by
where the entropy can be calculated from the radiation energy density using
The experimentally measured value for the baryon-to-entropy ratio is [37] 
By fitting to the low energy observables, the asymmetry produced by the heaviest righthanded (s)neutrinos has the correct sign while that produced by the two lighter ones have the opposite sign as shown in eq. (89). Hence, to reproduce the measured baryon-to-entropy ratio, we need to strike a balance between the number density of the heaviest right-handed (s)neutrinos and that of the two lighter ones. Luckily, this is achievable in our model because the number density of Higgses created non-perturbatively, the Higgs decay rates and the Higgs mass are controlled by the inflaton-Higgs coupling, α, which is a free parameter. Fig. 6 shows the baryon-to-entropy ratio as a function of α. The top figure is in a linear scale, the second figure has a log-scale y-axis, while the bottom figure is the zoomed in version of the top figure for a value of α that fits the observed baryon-to-entropy ratio. This figure has some very curious features that require some explanations. 1) Ignoring the discontinuity, the baryon-to-entropy ratio decreases as α decreases.
2) The baryon-to-entropy ratio is not a continuous function of α. 3) As α decreases, the discontinuity in the baryon-to-entropy ratio decreases. 4) The baryon-to-entropy ratio plateaus at around ∼ 10 −7 for a wide range of α. We will address each of these features one by one in the following paragraphs. The decrease in the baryon-to-entropy ratio as α decreases can be attributed to two factors. First, in the non-perturbative regime, the inflaton energy density decreases mainly due the non-perturbative creation of Higgses at zero-crossing. Since the number density of Higgs created at zero-crossing is proportional to α 3/2 (see eq. 32), the inflaton energy density when the system exits the non-perturbative regime is larger for smaller α. Recall that in the non-perturbative regime, the Higgses decay predominantly to the heaviest right-handed (s)neutrinos because of the larger Yukawa coupling. However, in the perturbative regime q 1/3 (see eq. 38), which means
and the Higgses can decay only to the two lighter right-handed (s)neutrinos. Hence, the inflaton energy density when the system exits the non-perturbative regime will eventually be transferred to the two lighter right-handed (s)neutrinos and radiation decreasing the baryonto-entropy ratio. This effect is shown in the top figure of Fig. 7 , where the magnitude of the inflaton oscillation amplitude is plotted as a function of time. The figure ends when the system exits the non-perturbative regime. As shown in the figure the inflaton oscillation amplitude is larger when the system exits the non-perturbative regime for smaller α. Second, the decay of Higgses to the right-handed (s)neutrinos and the decay of the righthanded (s)neutrinos to the Higgses both contribute to the lepton asymmetry. Due to the inflaton oscillation, the Higgses decays to the right-handed (s)neutrinos when inflaton is close to the oscillation amplitude, while the right-handed (s)neutrinos decay to the Higgses when the inflaton is near the bottom of the potential. Hence, the amount of asymmetry created increases as the number of inflaton oscillation increases. Since the inflaton perturbative decay rates are proportional to α 2 (see eq. 39), the inflaton goes through more oscillations before decaying out of the system for smaller α. Given that the two lighter right-handed (s)neutrinos contribute to the baryon-to-entropy ratio with the wrong sign, the baryon-toentropy ratio decreases as α decreases. The discontinuity in the baryon-to-entropy ratio is best understood by considering the abundance ratio for the heaviest right-handed (s)neutrino to the two lighter ones. When this abundance ratio is larger, the baryon-to-entropy ratio is more positive because the heaviest right-handed (s)neutrino decays contribute to the asymmetry with the correct sign. In the non-perturbative regime, Higgses are created at every zero-crossing and subsequently decay predominantly to the heaviest right-handed (s)neutrinos. Hence, the abundance ratio increases discontinuously at every zero-crossing. The bottom figure of Fig. 7 shows the magnitude of the inflaton oscillation as a function time. The plot ends when the system exits the non-perturbative regime. As shown in the figure, the inflaton goes through more oscillations as α decreases because the number density of Higgses created at zero-crossing is proportional to α 3/2 (see eq. 32). Hence, the inflaton oscillation amplitude decreases slower for smaller α, thus the broad parametric resonance parameter, q ∝ φ 2 amp decreases slower. Along with Fig. 6 , we see that as the number of inflaton oscillations in the non-perturbative regime increases, the baryon-to-entropy ratio increases. In addition, all three α in the top figure of Fig. 7 are within the same branch of baryon-to-entropy ratio in Fig. 6 . This shows that the discontinuous jump only occurs when the total number of inflaton oscillations in the non-perturbative regime increases.
The discontinuity in baryon-to-entropy ratio decreases as α decreases because as α decreases the number density of Higgses created at zero-crossing decreases. Therefore, the contribution to the heaviest right-handed (s)neutrinos by each additional inflaton oscillation in the non-perturbative regime decreases as α decreases. Hence, the discontinuity of the ratio of the heaviest right-handed (s)neutrinos to the two lighter ones decreases as α decreases. This ratio is directly related to the baryon-to-entropy ratio, resulting in a smaller discontinuity in baryon-to-entropy ratio as α decreases.
From these explanations, we see that majority of the factors contribute negatively to the baryon-to-entropy ratio as α decreases, while the increase in the number of inflaton oscillations, in the non-perturbative regime, increases the baryon-to-entropy ratio as α decreases. The plateau of baryon-to-entropy ratio is created when the we have a balance between these factors.
In Fig. 6 , we plotted the baryon-to-entropy ratio for α 4 because from eq. (37), we see that the upper limit for α is given by
With this value of α, all energy in the inflaton is transferred to the Higgses at the first zero-crossing. Since there are no inflatons leftover to oscillate, the Higgses are massless and they never decay to the right-handed (s)neutrinos. Hence, the only source of right-handed (s)neutrinos comes from the waterfall field. In this situation, we do not obtain the observed baryon-to-entropy ratio because the waterfall field decays predominantly to the heaviest right-handed (s)neutrinos creating an over abundance of baryons.
To summarize, the inflaton-Higgs coupling, α, which is a free parameter in our model, can be tuned to reproduce the observed baryon-to-entropy ratio. A more natural model would, however, have the plateau of the baryon-to-entropy ratio in Fig. 6 closer to the experimental value. Fig. 6 , while the bottom figure shows α across different branches. From the top figure, we see that as α decreases the inflaton energy density when the system exits the non-perturbative regime increases. In the perturbative regime, the Higgs can only decay to the two lighter right-handed (s)neutrinos. Hence, as α decreases, the baryon-to-entropy ratio decreases. On the other hand, the bottom figure shows that as α decreases, the number of inflaton oscillation in non-perturbative regime increases causing the abundance ratio for the heaviest right-handed (s)neutrinos to the two lighter ones to increase discontinuously. This is the root cause for the discontinuity in Fig. 6 .
Sources of Uncertainties
It is important to note that there are multiple sources of uncertainties in our calculation. An obvious and main source of theoretical uncertainty is the neglect of momentum distributions and the exclusion of the 2 − 2 scattering from our simulation. Hence, there are implicit error bars in each of the plots shown in this paper. An interesting follow-up project would be to include the full Boltzmann equations treatment and the 2 − 2 scattering to remove this theoretical uncertainty.
Another interesting source of uncertainty is due to the nature of this system where the masses, the Yukawa couplings, and the CP asymmetry parameter of the heaviest and two lighter right-handed (s)neutrinos are separated by a couple orders of magnitude. Hence, the number densities of the heaviest and the two lighter right-handed (s)neutrinos differ by orders of magnitude when they are created. To obtain the observed baryon-to-entropy ratio, our model requires a precise cancellation between the CP asymmetry created by the heaviest right handed (s)neutrinos and that created by the two lighter ones. Therefore, unless we are able to keep track of the number densities of the heaviest right-handed (s)neutrinos to high accuracy, numerical errors will creep into the calculation. With this in mind, the plots of the baryon-to-entropy ratio as function of α, shown in Fig. 6 , is obtained by line fitting through the calculated values.
Finally, we also want to point out that the set of evolution equations are a set of nonlinear, highly coupled, and stiff differential equations. Numerical solutions to differential equations with this characteristic are unstable, unless the time step is taken to be very small. To prevent this problem, we have checked that reducing the time step only changes the baryon-to-entropy ratio by a negligible amount.
Summary
This paper is an extension of the previous Pati-Salam subcritical hybrid inflation paper, proposed by two of us [1] , which was shown to successfully reproduce inflation observables. In this paper, we studied the reheating process and the baryogenesis via leptogenesis of the model.
In the instant preheating process, the coupling of the inflaton to the Higgses causes the inflaton to non-perturbatively decay to Higgses efficiently as it oscillates around its minimum. The produced Higgses then decay to radiation and reheat the universe. The reheat temperature depends on the value of α. We find T reheat ∼ 10 15 GeV. This can, in principle, create a cosmological problem with gravitinos. However, for gravitino masses greater than ∼ 40 TeV, the only problem concerns the over-closure of the universe by an LSP with mass of order 100 GeV [19] . This suggests that the LSP in our model would need to be a light axino in conjunction with an axion dark matter candidate. This then ties in interestingly to the scenario of Ref. [38] . As for baryogenesis, fitting to low-energy observables forces the CP asymmetry parameter of the heaviest right-handed (s)neutrinos to have the correct sign, while that of the two lighter right-handed (s)neutrinos have the wrong sign. Hence, it is important to include all three right-handed (s)neutrinos in our analysis. In the model, the coupling parameter, α, between the inflaton and the Higgses is a free parameter. By tuning this parameter, we can obtain the observed baryon-to-entropy ratio.
The matter sector of our model has 24 input parameters. By fitting our model to 49 low-energy observables, our model has 25 degrees of freedom. We obtain a reasonable fit to the low-energy observables [6] [7] [8] [9] [10] [11] [12] 
B Global χ 2
Fits to Low-energy Data
The parameters of our model are listed in Table 1 . A detailed global χ 2 analysis of our model can be found in [6] [7] [8] [9] [10] [11] [12] . Comparing with [7] , we have added the following new observables: [43, 44] . We also updated the public codes, superiso and susy flavor, that are used to calculate flavor observables [45, 46] . The theoretical errors are also increased by a few percent due to the large scatter of SUSY particle masses between m 16 and M Z . We run renormalization group equations from the lightest right-handed neutrino mass scale to the electroweak scale using two-loop renormalization group equations and remove the over-running by performing one-loop threshold corrections. The theoretical errors are obtained by performing threshold corrections in different orders; that is performing gauge threshold corrections before or after Yukawa threshold corrections. These errors were neglected in previous studies. The input parameters to the benchmark point in Table 2 
C Averaging Inflaton Oscillation
In this section, we calculate the average decay rates over one oscillation period, with the assumption that the inflaton oscillation is sinusoidal with period 2π and amplitude φ amp :
φ(t) = φ max sin m φ t .
Since the oscillation is symmetrical we only need to consider the first quarter of the oscillation, i.e. from m φ t = 0 to m φ t = π/2.
C.1 Perturbative decay of the inflaton
The decay of the inflaton to the Higgses in eq. (39) is
Due to the Heaviside Theta function, this decay rate is non-zero only when φ < m φ /2α, hence the decay only occurs from m φ t = 0 to m φ t c = sin 
